The inhomogeneous texture distribution in a lamellar composite incorporating two dissimilar face-center-cubic metals, i.e., Cu and Ag, under cold rolling is investigated. When the thickness reduction is higher than 80%, the heterogeneity of textures is found in the Cu layer. Namely, in the region adjacent to the rollers the Copper component dominates over the other textures, whereas in the region closed to the heterointerface the Brass component is the dominant texture. Lattice rotations within the heterophase microstructure are then addressed by crystal plasticity finite element modeling that considers not only crystallographic (dislocation slip and twinning) but also non-crystallographic (shear banding) micromechanisms. The simulations show that the hetero-interface between the Cu and Ag layers plays an important role in texture development of the Cu layer when the two metals are co-deformed. In the Cu phase of the studied composite, significant shear banding is triggered by stress concentration at the hetero-interface compared to the positions away from the interface, which leads to the dominant Brass texture in the interface region.
Introduction
Multilayered metal matrix composites usually possess many improved properties compared to their constituent metals, such as high strength and good electrical and magnetic properties. 1, 2) In the past decade, deformation of the multilayered composite materials has been widely investigated.
38) In such materials, significant gradient of deformation through the thickness of multilayers as well as through-thickness gradient in both microstructures and textures may occur. 5, 9) The hetero-interface between the phases plays a decisive role in the inhomogeneous deformation of the composite. 10) Moreover, the volume fraction, layer thickness and mechanical property of the respective phases also strongly influence the micromechanical behaviors of the materials.
1113)
The deformation mechanisms, including dislocation slip, mechanical twinning and shear banding, are the dominant factors that influence the deformation behaviors of metals and alloys. Great attention has been placed on understanding the lattice rotation of face-centered cubic (fcc) materials during deformation. It is found that the stacking fault energy (SFE) determines the activation of shear bands and the resultant textures. 14, 15) For fcc materials with medium or high SFE (such as Cu and Al), dislocation glide is the main mechanism during cold rolling and the Copper (ð112Þ½11 1) and S ((1 2 3) [6 3 4] ) texture components (copper-type textures) are developed. 16, 17) In contrast, for metals with low SFE (such as Ag, ¡-brass and austenitic steels) at large deformations, mechanical twinning and shear banding are the main mechanisms. Accordingly, the Brass ((0 1 1)[2 1 1] ) and Goss ((0 1 1)[1 0 0]) components (brass-type texture) are the main rolling textures, as verified by local orientation measurements 18, 19) and finite element modeling. 20) Although the texture evolution induced by shear banding in singlephase fcc metals have been profoundly investigated both by experiments and numerical simulations, the study on local orientation distribution as well as inhomogeneous deformation of the multilayered composites is quite limited. A study on the cold-rolled Cu-Ag eutectic alloy 21) reported that less copper-type but more brass-type components is evolved in the Cu phase. The work suggests that mechanical twinning transmitted from Ag to Cu through the hetero-interface promotes the brass-type textures in the Cu phase. However, this is contrary to the conception that shear banding, instead of twinning, is the main cause of the texture development in fcc metals. Therefore, a precise understanding of whether shear bands can penetrate the hetero-interface from one phase to another and then affect the local orientation distribution of the constituent phases is still lacking.
Therefore, in this work we utilize X-ray diffraction (XRD) together with crystal plasticity finite element modeling (CPFEM) to study the inhomogeneous texture distribution of a lamellar structured composite incorporating two dissimilar fcc metals, i.e. Cu and Ag, during cold rolling. Cu and Ag represent fcc metals with medium and low stacking fault energies, respectively. Therefore, different micromechanisms are expected for the metals during deformation. The layout of the paper is as follows: First, the deformation textures obtained from measurements of the Cu-Ag composite at different thickness positions during cold rolling are presented. To explore micromechanisms that lead to specific orientation distribution in the material, the deformation of bicrystal Cu-Ag composites with various initial orientation combinations is simulated. Finally, polycrystal simulations are presented to demonstrate the effect of the abutting phase or the hetero-interface on texture evolutions of the composite.
Experimental and Simulation Procedures

Experimental
The studied material is a commercial bi-layered Cu-Ag composite. This composite was fabricated by roll bonding of two pure metals, i.e. Cu and Ag (both in 99.99 mass%) to a nominal layer thickness of ³2 mm (with 1 mm in thickness for each metal). The composite was then symmetrically rolled at room temperature to different thickness reductions, i.e., 40%, 80% and 93%. The rolling processes were divided into many steps, so as to ensure homogeneous deformation and to avoid generating a large quantity of heat in each step.
To reveal the orientation distributions in both Cu and Ag in the co-deformed composite, the {1 1 1}, {2 0 0} and {2 2 0} pole figures at different thickness positions of each cold-rolled specimen were measured by the laboratory XRD technique, with a radiation of Co K ¡ in reflection geometry. A plane specimen with a size of 20 mm (RD) © 20 mm (TD) was extracted from the rolled sheet by an electro-discharge machine. The textures were then measured sequentially after careful grinding and polishing the specimen to different thickness positions. As schematically shown in Fig. 1 , textures of two layers, i.e., surface (S) and interface (I) of both Cu and Ag were measured. The experimental pole figures, after defocusing and background corrections, were used to determine crystallographic orientation distribution functions (ODFs), i.e. f(g), for each metal by using the LaboTex texture and analysis software. The orientations were expressed by a triple ODF Euler angles (¤ 1 ,¯, ¤ 2 ) in Bunge's notation and {h k l}©u v wª was used for characterizing the texture type with {h k l}//ND and ©u v wª//RD.
Simulation procedures 2.2.1 Constitutive formulations
A CPFE model is used to simulate the texture evolution in Cu-Ag heterophase composites during plane strain compression. The model is based on a constitutive model that incorporates shear banding as a separate non-crystallographic deformation mechanism in conjunction with and competing to dislocation slip and mechanical twinning. 22) The implementation of the different deformation mechanisms follows the previous work by Jia et al. 23) For shear banding as a collective, third type of deformation mechanism, we use and refer to the model developed by Anand et al. 24) for amorphous metallic materials.
The constitutive parameters for the individual Cu and Ag phases are determined by fitting the macroscopic stressstrain curves obtained from uniaxial tensile tests conducted on each pure metal. 25, 26) The material parameters used in this study represent values of the individual phases with micrometersized grains in the two-phase composite. The use of such fitted data for the respective metals is justified since at the modest deformations simulated here mutual chemical mixing can be neglected. The fitted parameters were listed in the work of Jia et al. 27) For the both fcc metals, 12 {111}©110ª dislocation slip systems and 12 {111}©112ª twinning systems are considered.
FEM implementation
Based on the constitutive laws outlined in Ref. 23 ), CPFE simulations are carried out using the finite element solver MSC. Marc2012 together with a user defined material subroutine. 23, 28) For studying the orientation distribution in the composite material with hetero-interfaces as a function of crystal orientation, the paper focuses on the simulation of Cu plus Ag bicrystals with various initial orientations under plane strain compression. For further studying the influence of hetero-interfaces, the deformation of fcc-fcc (Cu-Ag) heterophase polycrystalline composite is simulated.
For bicrystal simulations, the modeled region is a portion of a bulk material with thickness H 0 and length L 0 in the undeformed state as shown in Fig. 2 . The fcc plus fcc heterophase bicrystal model comprises the mutually stacked Cu and Ag crystals. The thickness ratio between Cu and Ag crystals is 1 : 1. For the whole model, the thickness-to-length ratio, i.e. H 0 : L 0 , is 2.0. For simulating plane strain compression which is an approximation of the rolling process, the rolling direction (RD), normal direction (ND), and transverse direction (TD) are set to coincide with a Cartesian coordinate system, X, Y, and Z, respectively. A prescribed displacement corresponding to the thickness reduction is applied to the top edge with a strain rate of 10 ¹3 s ¹1 . The right edge is free to move in the X direction. The left and bottom edges are constrained from moving in the X and Y directions, respectively. Multi-point constraints are (011)[100]). In each model, the crystal is exactly oriented as an ideal component, i.e. all elements have the same initial orientation without any orientation scatter. 29) Finite element meshes with second-order isoparametric, six-noded, two-dimensional plane strain triangular elements are used. In each element the same crystallographic orientation of the crystal is assigned to its three integration points.
To directly compare the simulation results with experimental textures, the texture evolution obtained from a polycrystal model of the Cu-Ag lamellar composite under plane strain compression (denoted as "polycrystal I" hereafter) is presented. The modeled region is still with a thickness-to-length ratio of 2 : 1 and comprises four mutually stacked Cu and Ag layers. By assigning one orientation to each integration point of the six-noded, two-dimensional plane strain triangular elements before deformation, the number of initial orientations representing random textures of each constituent phase in the composite is 3228. For each single layer, the number of integration points that corresponds to the amount of grain orientations in the normal direction is 41. The boundary conditions applied on the bicrystal models are used for the polycrystal simulation.
Results
Rolling textures measured by XRD
It is known that the ¡ and¸fibers contain all the typical orientations in deformed fcc materials. Namely, the ¡ fiber consists of the (011) At 40% thickness reduction, the Copper and Brass textures are the dominant texture components in the both surface-and interface-Cu layers (Figs. 3(a)(b)). When deformation is within the range of 40% and 93%, both the Brass and Copper components are strengthened with increasing external loading. In addition, a monotonously increase of the Goss component with deformation is identified in both ¡ andf bers at the interface-Cu layer, whereas at the surface layer of Cu a decrease of the Goss component is found when the thickness reduction reaches 80%. At the surface-Cu layer, the Copper component dominates over the other textures at 93% thickness reduction. However, at the interface-Cu layer, the increase of the Copper orientation is less than that at the surface layer, and therefore the Brass component becomes the most significant texture. As the texture components in pure copper should represent the copper-type rolling textures expected for the rolled pure fcc materials with medium or high SFEs, 15) the rolling textures found at the current interface-Cu layer are quite interesting. This result suggests that the adjacent Ag or Cu/Ag hetero-interface may play a major role in the texture evolution of the Cu layer when the two metals are co-deformed, which is worthy of discussion later.
The as-received Ag includes the ð114Þ½1 10 and ð111Þ½2 13 components before cold rolling. During the subsequent mechanical processing the initial textures are remained. Besides, the texture components on the ¡ fiber increase monotonically with deformation until the 80% thickness reduction is reached. The¸fiber plot shows the increasing textures at the both surface-and interface-Ag layers with deformation (Figs. 3(c)(d) ).
Bicrystal simulations of orientation distribution
To explore micromechanisms in the Cu-Ag composites under plane strain compression, the simulated distributions of equivalent Cauchy stress, shear rate on shear band systems, equivalent logarithmic strain and the grain rotation angle for the bicrystals with various orientation combinations at 40% thickness reduction are shown in Figs. 4(a)(d).
For the Cu (Copper orientation) plus Ag (Copper orientation) bicrystal (Fig. 4(a) ), the strain in the Cu phase is localized in the area connected to the localization of the Ag phase. The initiation of the shear band systems, which definitely corresponds to the occurrence of localized strain, is clearly identified in the Ag phase. It is obvious that shear bands in the upper Cu crystal are triggered by stress concentration at the phase boundaries, since shear banding is firstly developed in the upper Ag crystal before a thickness reduction of 40% is reached. At 40% deformation, the bending of the constituent layers is very significant, and the strain localization penetrates through the curved heterophase boundaries. At this stage, the maximum variation in the local equivalent logarithmic strain among the constituent material points has reached ³5.0 within the modeled microstructure. It is also interesting to note that the curved phase boundaries correspond to the material points at which shear banding regions intersect the interface. Even though the Cu phase is stronger than the Ag phase, as seen in the distribution of the equivalent Cauchy stress, the elements inside the shear banding region of the hard phase (the lower Cu layer) have been severely narrowed along the ND. Consistent results are also found in the Cu (Copper orientation) plus Ag (Goss orientation) bicrystal (Fig. 4(b) ), which are in general agreement with the experimental observation in cold rolled Cu-Ag multilayers. 30, 31) The larger lattice rotation (above 55°) in the Cu crystals is connected to the abutting the Ag crystals where a stress concentration has occurred. This rotation leads to a transition of the initial orientation to the Goss position.
For the Cu (Copper orientation) plus Ag (Goss orientation) bicrystal (Fig. 4(b) ), since the Cu phase has an initial orientation that promotes shear banding, shear bands are activated mainly in the Cu crystals. However, unlike the previous simulation of the Cu (Copper orientation)-68.3 vol% Ag (Goss orientation) composite that shows no shear bands in the Ag phases, 32) here we found that shear banding in the upper Ag crystal could also be triggered by stress concentration at the phase boundaries. Meanwhile, the curved heterophase boundaries intersect with the strain localized regions. Compared to the corresponding phases in the Cu A d v a n c e V i e w P r o o f s (Copper orientation) and Ag (Copper orientation) bicrystal, the maximum lattice rotation is lower in this sample for both Ag and Cu phases, respectively. A rotation of ³50°in the upper Cu crystal with respect to its original orientation occurs within the region of shear banding, leading to the formation of the Goss component. As the initial orientation of Goss is not preferential for activating the shear band systems, a small rotation (below 10°) does not change the lattice orientation of the Ag layers very significantly, even though the phase boundary between the upper Cu and Ag crystals have been largely rotated to be approximately aligned with the rotated region in the Cu crystals.
For the Cu (Goss orientation) and Ag (Copper orientation) bicrystal (Fig. 4(c) ), at 40% deformation a strain localization with the maximum equivalent logarithmic strain of 2.0 appears in the lower Ag crystal, but it is weaker in the upper Ag crystal and the both Cu crystals. Due to the specific initial orientation of the Ag phase that promotes shear banding, shear bands can be identified in the both top crystal and the bottom region closed to the right edge of the model. Moreover, a grain rotation (below 36°) coincides with the occurrence of shear bands and the localized strain. However, no shear banding or significant strain localization is found in the Cu phase with the initial orientation of Goss. In this sample, the shear banding is weaker and the grain rotation is minor in the Copper-oriented Ag crystals. direction, although the Cu phase is always harder than the Ag phase during deformation. However, after 40% thickness reduction the localized strain is very weak with a maximum strain variation below 0.1. Moreover, the initially Gossoriented sample exhibits quite small shear rates of shear banding as well as lattice rotations in the both phases during the whole deformation range studied. These observations are consistent with the homogeneous distribution of stress in the individual phases. During deformation the stress in the respective phases is evenly elevated, leading to straight phase boundaries between the abutting crystals.
Polycrystal simulations of texture evolution
Specific fibers in Euler space for each constituent phase in the bi-layered Cu-Ag composite are used for characterizing the texture evolution in the respective phases with increasing thickness reduction. For the polycrystal modeling of the CuAg composite under plane strain compression, the orientation densities along the ¡ and¸fibers in the Cu phase are presented in Fig. 5 . The texture simulation of single-phase Cu with random initial textures is also presented for comparison. At 40% thickness reduction, the Goss, Brass and Copper texture components are predicted in both polycrystal and single-phase models. According to the both simulations the density of the Copper component (³7.5) is stronger than that of the Brass component (³5.1). However, at 80% thickness reduction, the difference between two simulations can be seen. Namely, the less significant increase of the Brass component is predicted in the polycrystal model compared to the single-phase Cu model, which contributes to the comparable densities of the copper-type and the brasstype textures in the Cu phase of the composite material. Equivalent logarithmic strain 4.50e+000 4.00e+000 3.50e+000 3.00e+000 2.50e+000 2.00e+000 1.50e+000 1.00e+000 5.00e-001 0.00e+000 
Discussion
For fcc materials, the micromechanisms of plastic deformation as well as the deformation microstructures are strongly influenced by the SFE. 14, 15) Compared with the materials with low SFE, the ones with high/medium SFE show the different texture evolutions at large deformations even though similar textures are usually found at small and medium deformations. However, as revealed by the experiments of the bi-layered Cu-Ag composite in this work, after rolling to the thickness reductions above 80% the interfaceCu and interface-Ag layers develop similar textures, i.e. less copper-type and instead more brass-type components. The consistent observations are also reported in an initial eutectic structure of Cu-Ag alloy. 21) All these results are not expected because in a pure Cu sheet after cold rolling, the copper-type rather than the brass-type textures are reported to be the dominant texture components. 14, 33) Recent investigations by both experiments, 18, 19, 34) and numerical simulations 23, 35) have shown that in single-phase fcc materials under large deformations, shear banding leads to the strengthening of the brass-type textures, and, this texture evolution is different from that induced by dislocation slip and twinning. Therefore, it is suggested that the texture evolution of the interfaceCu layer within the Cu-Ag composite is strongly influenced by the existence of the abutting Ag phase or the interface between the constituent phases.
Furthermore, to reveal micromechanisms of the remarkable brass-type textures in the Cu phase, simulations of the Cu-Ag bicrystals under plane strain compression are carried out. The detailed analysis on the orientation distribution and shear banding behavior in a variety of bicrystals clearly show that lattice rotation in the Cu phases is significantly influenced by the hetero-interfaces. The assumption that specific microstructures, i.e. microbands or lamellar microstructure, are necessary precursor to shear band formation as suggested by other works 36, 37) is supported by the current modeling. The simulations also show that the initiation of shear banding depends on the original orientation of crystals and their inherent mechanical properties. Most importantly, the activation of the shear band systems is related not only to crystallographic orientations of the constituent crystals, but also to the topology and constitutive property of the heterophase microstructure within a composite. To accommodate deformation between the different phases, pronounced shear bands can be triggered by stress concentration at the interfaces. This leads to highly localized strains and grain rotations within the bands. Moreover, in the Cu-Ag samples the ³55°rotation of the initially Copper-oriented Cu crystal coincides with the activation of the shear band systems and leads to the formation of the Goss orientation.
Concerning the shear banding behavior in bicrystals with different orientation combinations, a significant activation of the shear band systems is found in the Cu (Copper orientation) plus Ag (Copper orientation) sample when the Cu phase behaves as a hard phase. As a function of loading, the shear banding is developed stronger in the both Ag and Cu phases, although stress relaxation may be induced by the activation of shear banding. More specifically, when the Ag phase coexists with a stronger phase more shear banding is triggered at the boundaries between the phases (Fig. 4(a) ), comparing the Ag crystal of the Cu (Copper) plus Ag (Copper) sample with the one in the Cu (Goss) plus Ag (Copper) sample. Accordingly, the large stress in the Ag phase contributes to the significant initiation of shear bands. The Cu (Goss) plus Ag (Copper) sample displays a different interface stress state compared to the above-mentioned bicrystals, indicating that the mechanical properties of the constituent phases are close to each other. This result is consistent with the equivalent true stress-strain curves of the Ag and Cu single crystals with the same original orientations. 27) Thus, the dislocation behavior of the Cu phase in this bicrystal is similar to that of single-phase Cu, and the shear banding is never activated. However, as a result of the homogeneous distribution of stress, the shear banding triggered in the Ag phase is not significant enough to change the lattice orientation. For the Cu (Copper) plus Ag (Goss) bicrystal, the Cu phase is stronger than the Ag phase during the whole period of deformation. As the strain has to be accommodated between the abutting phases, load redistribution occurs inside the sample. This leads to a mild increase in stress in the hard phase and to a rapid stress increase in the soft phase with increasing deformation. In the Cu phase, the activation of shear bands is reduced with the coexistence of the Ag phase, and shear banding is identified in regions closed to the phase boundaries. The homogeneously distributed shear bands within the upper Ag crystal are quite different from that in the Cu-68.3 vol% Ag composite in which the metals are with the same initial orientation combination but the thickness of the Ag phase is twice of the Cu phase. 32) Namely, in the current case that the two metals are of the same geometry, the Ag phase is not susceptible to the formation of shear bands compared to the Cu phase originally oriented with Copper. However, the Ag crystal shows a potential for shear banding when a stress high enough can be reached.
The texture development of the Cu-Ag lamellar composite under plane strain deformation is a clear example showing the effect of hetero-interface on texture evolution in heterophase microstructures. To demonstrate the effect of hetero-interface on deformation textures in the Cu phase of the Cu-Ag composite, we also establish a model with the same geometry as the "polycrystal I" model but the reduced number of elements, i.e. the number of initial orientations that represent random textures of each phase is only 28. In this model which is denoted as "polycrystal II", the number of integration points in the normal direction is 5. Figure 5 shows the orientation densities along the ¡ and¸fibers for the Cu phase obtained from the "polycrystal II" simulation. At 40% thickness reduction, the textures predicted by the "polycrystal II" model are similar to that of the "polycrystal I" model. The minor increase of the (011)[122] orientation predicted by the "polycrystal II" simulation is attributed to the specific starting textures that are generated from the limited number of orientations. When the thickness reduction reaches 80%, differences between the two polycrystal simulations become apparent. This can be seen on the ¡ fiber in terms of the Brass component and on the¸fiber in terms of the Copper component, i.e., the density of the Brass component has been more significantly strengthened (up to ³16) compared to the A d v a n c e V i e w P r o o f s
Copper component (up to ³11) as predicted by the polycrystal II model. On the contrast, the Brass component is mildly stronger than the Copper component in the both polycrystal I and single-phase Cu simulations. More specifically, the simulation of the Cu phase by using the polycrystal II model agrees well with the bulk X-ray measurement on the interface-Cu layer, which exhibits a stronger Brass component compared to the Copper component when the rolling reduction is higher than 80%. Nevertheless, both the simulated and the measured texture evolutions in the Cu phase of the composite are pronounced different from the copper-type textures expected for rolled pure metals with medium or high SFEs. 14, 16, 33, 37) Thus, it is obvious that the existence of the Ag phase or Cu-Ag heterointerface plays an important role for the texture evolution of the Cu phase when the phase is embedded into a composite. In this work, quantitative influence of microstructures on the micromechanisms as well as deformation textures in a Cu-Ag composite is studied by both experiments and numerical modeling. The most important finding is that, in the Cu layer of the studied lamellar structured composite more shear banding can be activated at the interface layer compared to that at the positions away from the interface. Crystal plasticity simulations verify that pronounced shear bands is triggered by stress concentration at the phase boundaries, as deformation has to be accommodated between the adjacent materials. Therefore, in a composite material the shear banding behavior as well as the related lattice rotation of each individual phase is affected not only by the inherent properties of the metal, but also by the presence of its abutting phases.
Conclusions
In this work, deformation textures at different thickness positions in a Cu-Ag lamellar composite during cold rolling are investigated. The heterogeneity of textures is found in the Cu layer when the thickness reduction is higher than 80%. Namely, in the surface-Cu layer the Copper component dominates over the other textures, whereas in the interface-Cu layer the Brass component is the dominant texture. Numerical modeling shows that within a heterophase microstructure, the development of shear bands is influenced by the inherent mechanical properties of each individual phase and also by the properties of the abutting phase. Therefore, the Cu/Ag hetero-interface or adjacent Ag phase plays a major role in the texture evolution of the Cu sheet when the two metals are codeformed. In the Cu layer of the studied composite material, more shear banding is activated at the hetero-interface compared to the region away from the interface, which leads to the dominant Brass texture in the former.
